Abstract: Photonic lanterns are made by adiabatically merging several single-mode cores into one multimode core. They provide low-loss interfaces between single-mode and multimode systems where the precise optical mapping between cores and modes is unimportant.
Introduction
The photonic lantern is a fibre device that interfaces a multimode core to a system of single-mode cores [1] [2] [3] [4] [5] [6] [7] [8] [9] . In contrast to mode-selective devices such as mode multiplexers and demultiplexers, a photonic lantern does not provide a one-to-one (or even a few-to-one) mapping between the individual single-mode fibres (SMFs) and the individual modes of the multimode fibre (MMF). Instead, light in one SMF is distributed between most if not all of the MMF's modes and vice versa, Fig. 1 . They are therefore useful in applications where MMF and SMF systems need to be connected with low loss, but where the distribution of light between the modes is unimportant. They have come to be called "lanterns" because a schematic of two spliced together looks a bit like a paper lantern [10] . The originally-envisaged application was in astronomical instrumentation, where a need arose for a way to couple light from a telescope via a MMF into SMF Bragg gratings that could filter unwanted light from the upper atmosphere [11] . To conserve brightness, at least as many SMF gratings were needed as there were modes in the MMF, but the distribution of light between the gratings was unimportant. A second photonic lantern could couple the filtered light back into a MMF like the one at the input. Such a pair of lanterns therefore provides a way to make MMF devices with the high performance expected from SMF devices such as Bragg gratings [1] [2] [3] [4] [5] [6] [7] . Other applications identified so far include waveguide shape reformatting [5, 8] , mode scrambling [6] and even spacedivision multiplexing for telecommunication [9] .
Principles
Photonic lanterns are implemented using adiabatic waveguide transitions between the MMF and SMF systems. In Fig. 1 the MMF is the input and the SMFs are the output, though the device is reciprocal and can be operated in reverse. In most MMF devices light will inevitably become distributed across all available guided modes. As well as ensuring that the taper transition is long enough to be adiabatic, it is therefore also important that the number of degrees of freedom available to the light never decreases along the transition, otherwise light will be lost. To satisfy this in both directions, the number of SMF cores must therefore match the number of MMF modes [1, 6] . Wellknown expressions for the number of modes in an MMF allow us to determine the required number N of SMF cores in the lantern
Experiments
The first proof-of-concept photonic lantern was made by drawing a bundle of N = 19 SMFs inside a holey silica preform, so that the 19 fibres fused together to form the core of a multimode photonic crystal fibre [1] . Since then there have been more practical implementations. Replacing the holey cladding with uniform glass of lower refractive index than the pure silica of the SMF cladding has yielded photonic lanterns with up to N = 61 SMFs, which are currently being tested "on sky" as spectral filters in astronomy [2, 4, 7] . Alternatively the SMF cores can be located inside a single multi-core fibre (MCF) and tapered inside low-index glass [6] , and lanterns have also been demonstrated in integrated planar waveguides written by ultrafast laser inscription [3, 8] . 2 shows the first reported photonic lantern made in MCF [6] . The lantern was made by tapering a MCF with N = 120 cores inside a depressed-index capillary made from fluorine-doped silica. An oxy-butane flame softened the capillary so that it shrank onto the fibre by surface tension, and the jacketed fibre was then stretched to reduce the diameter of the MCF from 230 µm to 50 µm. The light becomes guided in the multimode core formed by the entire reduced MCF, with the F-doped silica as the cladding -a structure that closely matches a MMF. The insertion loss of the lantern was estimated to be <0.5 dB.
